Cerebral Cavernous Malformations (CCM/MIM 604214) are vascular malformations characterised by abnormally enlarged capillary cavities without intervening brain parenchyma. Clinical manifestations include seizures, cerebral haemorrhages and focal neurological deficits. They occur as a sporadic or autosomal dominant condition. Most often, sporadic cases have only one lesion and familial cases are characterised by a high frequency of multiple lesions. Three CCM loci were previously mapped on 7q (CCM1), 7p (CCM2) and 3q (CCM3) and CCM1 gene was identified as coding Krit1, a protein of unknown function, which was shown initially to interact in yeast two hybrid assays with Rap1A, a small ras GTPase and more recently to Icap1a, a modulator of b1 integrin signal transduction. Herein, we screened KRIT1 gene in 121 unrelated, consecutively recruited, CCM probands having at least one affected relative and/ or showing multiple lesions on cerebral MRI. Fifty-two of these probands (43%) were shown to carry a KRIT1 mutation. Forty-two distinct mutations were identified including six recurrent ones. Three-quarters of these mutations were located in the C-terminal half of the gene, mostly within exons 13, 15 and 17. All of them are predicted to lead to a premature stop codon. No missense mutation was identified. The only two nucleotide substitutions predicted to be missense mutations led in fact to an abnormal splicing and a premature stop codon. Altogether these data suggest that KRIT1 mRNA decay due to the presence of premature stop codons and Krit1 haploinsufficiency may be the underlying mechanism of CCM.
Introduction
Cerebral Cavernous Malformations (CCM/OMIM 116860) are vascular malformations, mostly located in the central nervous system and characterised by abnormally enlarged capillary cavities without intervening brain parenchyma. 1 Most common symptoms include seizures, cerebral haemorrhages and focal neurological deficits. From large series based on necropsy and/or magnetic resonance imaging, their prevalence in the general population has been estimated to be close to 0.1 -0.5%. 2 Cavernous angiomas can occur as a sporadic or autosomal dominant condition with incomplete penetrance; the frequency of the latter has been estimated as high as 50% in Hispano-American CCM patients 3 and is most likely close to 10 -20% in Caucasians (Tournier-Lasserve, unpublished data). Sporadic cases most often harbour only one CCM lesion. On the contrary, familial CCM are characterised by a high frequency of multiple lesions, whose number is strongly correlated to patients' age suggesting a dynamic nature of these lesions. 4 'Sporadic' cases harbouring multiple lesions have been shown to be in reality affected by an hereditary form of the disease since 75% of them have an asymptomatic parent with CCM lesions on brain MRI, due to incomplete clinical penetrance of this condition. 4 De novo mutation of KRIT1/CCM1 gene has also been reported in one CCM patient with multiple lesions. 5 Three CCM loci had been previously identified on 7q (CCM1), 7p (CCM2) and 3q (CCM3). 6, 7 Recently, CCM1
was identified as the KRIT1 gene. 8, 9 KRIT1, a protein of unknown function so far, was previously identified through a yeast two-hybrid screen designed to identify proteins interacting with Rap1A, a small Ras like GTPase protein. 10 KRIT1
encodes a 736 amino-acids protein containing four ankyrin domains, a FERM domain and a C-terminal portion interacting with Rap1A. Comprehensive analysis of KRIT1 has been precluded because the full genomic sequence has been available only very recently. 11 -14 Initially, KRIT1 gene was reported to include 12 coding exons. Screening of these 12 exons led to the identification of germline mutations leading to a premature stop codon or splice mutations whose consequences were not investigated at the cDNA level. 8 -9,14 -18 Recently, eight additional exons have been described among which four coding exons. This novel N-terminal region of krit1 has been shown very recently to contain an NPXY motif required for interaction of krit1 with icap1a, a modulator of b1 integrin signal transduction. 19, 20 So far, screening of these four novel exons of KRIT1 has been performed only in few families. 11, 14 Almost none of these mutations has been studied at the cDNA level and none of them at the protein level due to unvailability of Krit1 specific antibodies.
In the present study, we searched for KRIT1 mutations in a panel of 121 unrelated, consecutively recruited, CCM probands. Our aims were to estimate the implication of KRIT1 mutations in CCM pathogenesis, to evaluate the distribution and nature of KRIT1 mutations and to investigate the consequences of these mutations on KRIT1 mRNA.
Patients, material and methods

Patients
Twenty-eight French University Neurosurgery Centres participated in this study which was approved by the local ethics comittee. A total of 121 unrelated clinically affected CCM probands were consecutively enrolled in this study. All these patients were known to have at least one affected relative and/or multiple cavernous angiomas on cerebral MRI.
CCM diagnosis was based on cerebral Magnetic Resonance Imaging and/or pathological analysis as described previously; detailed clinical and MRI informations on 57 of these 121 families have been reported elsewhere previously. 4 A mutation was previously identified in 12 of them. 8 Detailed clinical and neuroimaging informations were collected for all patients through direct interview and reviewing of medical charts.
Genomic DNA screening Genomic DNA from each proband was extracted from peripheral blood using standard procedures. Genomic DNA from 100 unrelated healthy French Caucasian individuals was available as a control group. We screened genomic DNA of all 121 probands using SSCP. 21 8 In order to study cDNA consequences of genomic DNA variants, RT -PCR amplifications were analysed for all probands in whom cDNA were available. cDNAs were amplified with sets of primers located two exons upstream and dowstream of the exon or intron where was located the sequence variant in order to check for aberrant splicing events (sequences and PCR conditions on Table 1B ). RT -PCR products from patients and healthy controls were run on 2.5% Agarose TBE gels. Fragments were sequenced either directly or after cloning using the pGEM 
Results
Genomic DNA mutations
Likely disease causing mutations were identified in a total of 52 probands out of the whole panel of 121 consecutive probands (Table 2 and Figure 1 ). Mutations were observed in all parts of the gene but were significantly more often located within the second half of the gene, most of them KRIT1 mutations in 121 CCM families F Cavé-Riant et al 734 being located within exons 13, 15 and 17 (56% of the mutations are located within one of these three exons which span 24% of the coding sequence). Thirty five per cent of them were exonic nucleotide substitutions leading in most cases to non sense codons, 48% were small exonic insertions/deletions, 17% were intronic nucleotide substitutions or deletions (Table 2) .
Among the 13 non sense mutations, two were recurrent, R179X and Q455X. Q455X, which was previously identified as a strongly recurrent mutation within CCM hispanoAmerican families, was detected in two distinct families with respective French and Italian backgrounds. A haplotype analysis was performed only within the French pedigree (ped 040) with markers D7S1813, D7S646, D7S558 and D7S689 and did not detect the Hispano-American founder haplotype. Twenty-five probands carried small exonic deletions or insertions leading to a frameshift and premature stop codon; most of them occured in short stretches of repeated sequences. Nine probands were shown to carry an intronic mutation located at canonical splice sites and/or leading to aberrantly spliced transcripts (see below). In addition, we identified in three probands two nucleotide subtitutions located within the coding sequence (pedigree 005 : exon 17/GCA 1943 GTA; pedigrees 028 and 054 : exon 15/GCT 1579 ACT).
Expression analysis of the mutations at the cDNA level A total of 30 probands, in whom either an intronic or exonic genomic DNA mutation was identified, were screened, whatever the nature of the mutation, in order to search for aberrant splicing events and screen for the presence of the mutated transcript (Table 2, Figure 2) .
Twelve probands carrying a non sense mutation were tested at the cDNA level: in all cases the mutated transcript was detected on sequencing chromatograms, although in most cases its abundance was lower than that of the wild type (as judged on the respective heights of sequence chromatograms peaks). We did not detect any aberrantly spliced transcript in the cDNA of those patients.
cDNA was available for two of the probands carrying canonical splice site mutations IVS7-2 A to G and IVS12-1 G to A; those mutations were shown to result respectively in exon 8 skipping (ped 125) and to a 10 bp exonic deletion within exon 13 (ped 136). Only one aberrant transcript was identified for each mutant. Both of these splicing events led to a premature stop codon. The recurrent 4 bp deletion located within intron 15 (IVS15 +4?+7 del AGTA) led to an aberrant transcript deleted of exon 15 and a premature stop codon. The substitution located within IVS10 (715 T to A) created a new splice site, and led to a transcript with a 13 bp insertion and a premature stop codon. All these aberrant transcripts were detected on RT -PCR cDNA sequence analysis although less abundant than the wild-type ones. Two probands (pedigree 011 and 097) share a common A to G substitution at position 712 within intron 17; this mutation was absent in 200 control chromosomes and led to a transcript in which exon 18 has been spliced. Quite interestingly, this abnormal transcript does not harbour a premature stop codon and would lead to an in frame deletion leading to a protein deleted of 39 aa; it was never detected in normal controls.
We identified in three probands two nucleotide subtitutions located within the coding sequence (pedigree 005 : exon 17/GCA 1943 GTA; pedigrees 028 and 054: exon 15/GCT 1579 ACT). Those mutations, if translated, would theoretically lead to a putative protein carrying a missense mutation. When analysing the cDNA of these patients, we showed that these 'missense' mutations led in fact to aberrant transcripts due to destabilisation of preexisting splice sites and utilisation of a cryptic splice site or a newly created site (Figure 2) . The aberrant transcript resulting from mutation GCA 1943 GTA, created an acceptor splice site (GT) and led to an 84 bp in frame deletion ( Figure 2 ). This mutation was absent in 200 control chromosomes. This transcript was as abundant as the WT transcript based on chromatograms peak intensity as well as cloning data. Sequence analysis of RT -PCR products in this patient did not detect any normally spliced mature transcript carrying the 'missense' mutation GCA 1943 GTA. The GCT 1579 ACT nt substitution destabilized the WT acceptor splice site of exon 15 leading to the use of a cryptic exonic splice site located downstream of the mutation. Sequence analysis of subcloned RT -PCR detected both wild type transcripts and shorter transcripts due to abnormal splicing events occuring at nucleotides AG 1602 -03 (pedigree 028) or 1606 -07 (pedigree 054). These abnormal transcripts were not detected in healthy controls. We did not detect any normal sized transcript carrying the expected 'missense' mutation/GCT 1579 ACT.
KRIT1 polymorphisms
Five other nucleotide substitutions were considered as being most likely polymorphisms based on the fact that they have been observed in both patients and controls or they have been detected in individuals in whom a deleterious mutation has been identified. Three of them were intronic and two exonic. None of them led to an aminoacid substitution. Among these polymorphisms, two (IVS15 753 C4G; nt 1809 wobble T4C (His603His) in exon 16) were RT -PCR products were analysed. In all cases, analysed mutant was detected, c Location of the mutation as regard to short tandem repeats or repeat stretches. rare nucleotide substitutions; each of them was detected only in one CCM proband in whom a deleterious mutation has been later on identified (ped 010 and ped 135).
A silent substitution at nt 1980 (G4T //Val 660 Val) was detected in an heterozygous state in 25% of our genotyped population (AA: 72%//AG: 25%//GG: 3%) and was also detected in control individuals.
The last two detected variants were nucleotide substitutions located within intronic sequences: IVS7+65 G/C and IVS10+63 G/C. They have been isolated both in CCM patients and in control individuals. Respective allelic frequencies checked on 100 individuals were -IVS7+65 G/C: GG: 74%; GC: 22%; CC: 4% -IVS10+63 G/C: GG: 28%; GC: 45%; CC: 27%
Discussion
We showed herein that 52 out of 121 consecutively recruited CCM patients having an affected relative and/or showing multiple CCM lesions harbour a KRIT1 mutation. All these KRIT1 mutations in 121 CCM families F Cavé-Riant et al 738 mutations lead to a premature termination codon through non sense or frameshift mutations except for two of them which lead to small in frame deletions of the C-terminal part of the gene. No missense mutation was identified. Quite strikingly, cDNA analysis showed that the two sole exonic nucleotide substitutions identified did not lead to transcripts carrying the expected 'missense' mutation but to aberrantly spliced transcripts with a premature stop codon.
These data suggest that CCM1/KRIT1 may account for more than 40% of genetic forms of CCM and are in agreement with multilocus linkage data from others. 7 However, this proportion is most likely underestimated for several reasons. Based on the strategy that we have used, we may have missed deletions of KRIT1 (however, KRIT1 deletions have not been reported so far), and we may also have missed KRIT1 point mutations due to incomplete SSCP sensitivity. Therefore, this 43% proportion of KRIT1 positive families should be, in our opinion, considered as a minimum estimate.
The most important result is the stereotyped nature of the mutations on the putative Krit1 protein since almost all of them lead to premature stop codons. It is indeed quite striking that the only two nucleotide substitutions that would be predicted to lead to missense mutations led in fact to aberrantly spliced KRIT1 transcripts and not to any transcript that would be translated with a missense mutation; similar unexpected aberrant splicing has been reported previously for exonic nonsense or missense mutations in BRCA1 and other genes. 23 Non sense mRNA decay (NMD) as a consequence of premature stop codons has been shown to underlie haploinsufficiency in many disorders. 24 -27 Based on the data reported herein, a putative loss of function of Krit1 through NMD would be a likely mechanism of CCM. However, it would be important, in order to draw a firm conclusion, to check for the presence or the absence of a Krit1 truncated protein, once Krit1 specific antibodies will be available. This latter information will be quite interesting as regard to recently published data on the interaction of Krit1 and Icap1a. 19, 20 This interaction required a NPXY motif located within the N-term region of Krit1 at aa residues 191 -194 (exon 8). The C-terminal region of KRIT1 has been reported to interact with rap1A. 10 This interaction with rap1A was not detected by Zhang et al when using the full length krit1 protein; however, a weak interaction was detected when using a Krit1 protein truncated of its N-term. All these data strongly suggest that complex mechanisms may regulate the effects of Krit1 and it would be important to sort out if CCM mutations lead to non sense mRNA decay and absence of the mutated protein or if Krit1 truncated proteins may be present in some CCM patients. At last, detailed clinical, MRI analysis and genotyping of all consenting symptomatic or asymptomatic at risk individuals will allow in the future to estimate in a sufficient number of individuals the penetrance in families of probands with KRIT1 mutations and to delineate potential genotype-to-phenotype correlations within KRIT1 positive families. Serial follow up of such a genotyped cohort will also help to delineate the natural history of this disease in both groups.
